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Enhanced Electrokinetics of C—C Bond Splitting during
Ethanol Oxidation by using a Pt/Rh/Sn Catalyst with
a Partially Oxidized Pt and Rh Core and a SnO, Shell

Guangxing Yang,”® Anatoly I. Frenkel, 9 Dong Su, and Xiaowei Teng*™

Direct ethanol fuel cells (DEFCs) are a promising technology
for generating electricity through the electro-oxidation of
liquid ethanol. Its implementation requires the development of
anode catalysts capable of producing CO, and yielding 12-elec-
tron transfer through breaking the C—C bond of ethanol. Here,
we presented comprehensive studies of the electrokinetics of
CO, generation on Pt/Rh/Sn ternary catalysts. Our studies
showed that the triphasic PtRhO,-SnO, catalysts with a partially
oxidized Pt and Rh core and a SnO, shell, validated by X-ray
absorption analyses and scanning transmission electron micro-
scope-electron energy loss spectroscopy line scans, coincided
with a 2.5-fold increase in the CO, generation rate towards
ethanol oxidation reaction, compared with the biphasic PtRh-
SnO, catalysts with a metallic PtRh alloy core and commercial
Pt. These studies provided insight into the design of a new
genre of electrocatalysts with a partially oxidized noble metal.

Energy demands coupled with concerns over environmental
pollution have created a great need for clean and efficient
power sources. Fuel cells that enable the direct conversion of
chemical energy to electricity with over 90% thermodynamic
efficiency become viable alternative power devices to internal
combustion engines where thermodynamic efficiency is sub-
ject to the Carnot cycle limitation (typically <35%). Ethanol,
recognized as a substantial energy source in the green tech-
nologies, has many advantages over hydrogen gas as a fuel in
fuel cells: ethanol has a lower toxicity, a high boiling point for
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safer storage in transportation applications, a great availability
from fermenting sugar-containing and/or cellulose-containing
raw materials, and the established infrastructure for production
and distribution. In recent years, direct ethanol fuel cells
(DEFCs) have been extensively studied, with peculiar attention
to their anode reactions, namely the ethanol oxidation reaction
(EOR). Ethanol is the simplest molecule containing C—C, C—H,
C—0, and O—H bonds, and the selective cleavage of these
bonds determines the reaction pathways and relative selectivi-
ty of products. For example, EOR through the C—C bond-cleav-
age pathway leads to the production of CO, through a com-
plete oxidation of ethanol with a twelve-electron transfer,
whereas cleavage of the C—H, O—H, and/or C—O bonds without
the C—C bonds lead to incomplete oxidation with production
of acetaldehyde (two-electron transfer) or acetic acid (four-
electron transfer).'®

Biphasic PtRh-SnO, materials with a PtRh alloy and a segre-
gated SnO, phase have been considered as the best catalyst
for EOR owing to their high reactivity for adsorption, dehydro-
genation, and oxidation of ethanol by C—C splitting, as well as
plausible chemical stability.”~" The superiority of Pt and Rh to-
wards C—C splitting has been demonstrated by density func-
tional theory (DFT) calculations, showing that Pt-Rh help
cleave the C—H bond of the terminal methyl group (B-carbon
dehydrogenation) and form oxometallate intermediates
(M-CH,-CH,-0-M)." Oxophilic Sn, on the other hand, interacts
with water strongly to form an oxygenated species on the cat-
alyst surface (OH,q), which helps oxidize the reaction inter-
mediates (e.g., CH, and CO) generated on adjacent Pt or Rh
sites."®'” Attributed to this bifunctional effect, Pt/Rh/Sn terna-
ry catalysts have been generally considered as the most effec-
tive materials for the EOR, especially at higher overpotentials.
However, fuel cells generally tend to operate at an external po-
tential close to their equilibrium potential. At low overpoten-
tials at the anode, the Pt/Rh/Sn components have a weak dis-
sociative adsorption of water, and the resulting low OH,4, cov-
erage on the catalyst surface may not be adequate to remove
the strongly adsorbed reaction intermediates, especially CO,
which poisons the active sites. Therefore, finding an optimal
catalytic structure that can effectively dissociate ethanol by
C—C splitting at low overpotentials and consequently remove
the CO intermediates is of great importance for the implemen-
tation of DEFC technology.

In the past decade, studies have shown that the kinetics of
the CO oxidation reaction on surfaces of Ru, Pt, Pd, Rh, and
PtRh increases significantly in conjunction with the formation
of a thin oxide film on the surface of the metal or alloy
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catalysts.'"®?? It has been found that the active phase for CO
oxidation is oxidized rather than metallic. Although these re-
sults obtained from solid/gas-phase reactions are expected to
be relevant for general heterogeneous catalysis, the reactivity
of noble metal oxides towards electrocatalysis, especially EOR,
has not been well studied. Particularly, most of the studies on
Pt-based EOR catalysts have only been focused on non-noble
metal oxides, such as SnO, and Ce0,."”"*! However, the role of
Pt or Rh oxides on the electrokinetics of EOR, especially the
C—C splitting, has not been reported.

In this study, we synthesized two types of carbon supported
Pt/Rh-SnO, core-shell nanoparticles: one was triphasic
PtRhO,-SnO, with a partially oxidized Pt and Rh core (segre-
gated Pt and Rh phases) and a SnO, shell, and the other was
biphasic PtRh-SnO, with a PtRh alloy core and a SnO, shell. By
using our newly designed four-electrode electrochemical cell
equipped with a CO, microelectrode, we comprehensively
studied the electrokinetics of CO, generation, including the
CO, generation rate and CO, selectivity, with both types of cat-
alysts. Our studies showed that, for the first time, although the
PtRh-SnO, with a PtRh alloy core was still active, the formation
of a partially oxidized Pt and Rh core coincides with a 2.5-fold
increase in the CO, generation rate for EOR.

Carbon-supported PtRhO,-Sn0O, nanoparticles with a partially
oxidized Pt and Rh core and SnO, shell were synthesized by
a “surfactant-free” polyol process using NaPtCl,:xH,0,
K;RhClg-xH,0, and SnCl, as precursors in an ethylene glycol so-
lution (see the Supporting Information). PtRh-SnO, nanoparti-
cles with a PtRh alloy core and a SnO, shell were synthesized
by heating PtRhO,-SnO, nanoparticles under a reducing at-
mosphere at an elevated temperature. The molar ratio be-
tween Pt and SnO, was kept as 1:1, while the ratio between Pt
and Rh was varied from 2:1 to 4:1. Table S1 (in the Supporting
Information) summarizes the results from energy-dispersive
X-ray spectroscopy measurements of the resulting catalysts,
confirming the atomic ratio of Pt/Rh/Sn as 37:20:43 and
39:12:49.

Figure 1 shows transmission electron microscopy (TEM)
images of the as-made and reduced -carbon-supported
Pt;;,/Rh,y/Sn,; nanoparticles with average sizes of 2.8+0.9 nm
and 6.5+ 0.9 nm, respectively. TEM images of the as-made and
reduced Pt;o/Rh,,/Sn,, nanoparticles are shown in Figure S1 in
the Supporting Information. The large size of the reduced sam-
ples was a result of coalescence of nanoparticles during the
thermal treatment (H,/Ar at 250 °C). Figures 1c and d show the
scanning transmission electron microscope-electron energy
loss spectroscopy (STEM-EELS) line scans of a typical as-made
Pt;;/Rh,/Sn,; particle. The data show that Sn displayed
a strong signal at the edges of the particle, whereas Pt dis-
played a strong signal in the center. The data provide unam-
biguous evidence for the core-shell structure with a Pt-rich
core and Sn-rich shell in a heterogeneous structure on the
atomic scale. The ionization energy of the Rh M,-edge is in
the range 307-312 eV energy loss, which is unfortunately over-
lapped by the residual signal from carbon K-edge. Therefore,
the EELS line scan was unable to measure the distribution of
Rh within the catalysts, though the EDS spectra showed the
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Figure 1. TEM images of (a) Pt;,Rh,,0,~(Sn0,),5/C and (b) Pt;;,Rh,,—(Sn0,),5/C.
(d) EELS line scan across Pt3;Rh,,0,~(Sn0,),; particle as indicated by the
arrow in (c).

existence of Rh with appropriate chemical composition close
to the ratio of the precursors. The X-ray diffraction (XRD) pat-
terns of the as-made and reduced Pt/Rh/Sn samples are shown
in Figure S2 in the Supporting Information. All the diffraction
peaks could be assigned to the (111), (200), (220), (311), and
(222) planes of a face centered cubic (fcc) structure. Diffraction
peaks of SnO, were not observed in the as-made or reduced
samples, although the STEM-EELS line scan showed Sn-rich
shells in both samples. This could be attributed to the fact that
Sn or SnO, existed in the form of very small nanoparticles or
as an amorphous phase.

X-ray absorption (XAS) measurements were used to investi-
gate the electronic states and local atomic environment of the
Pt, Rh, and Sn in the as-made and reduced Pt;,/Rh,,/Sn,; cata-
lysts. Figure S3 (in the Supporting Information) shows the XAS
data of the K-edges of Sn and Rh, and L;-edge of Pt of the
Pt/Rh/Sn catalysts, together with the standard materials such
as metallic Sn, Pt, and Rh foils, as well as their oxides SnO,,
PtO,, and Rh,0,. Figure S3a shows that the Sn K-edge data of
the as-made and reduced Pt/Rh/Sn were very similar to those
of SnO,, suggesting that Sn was predominantly oxidized in all
Pt/Rh/Sn samples. Combined with the structural information
obtained by STEM-EELS, it has been suggested that SnO, pri-
marily existed as a shell in both the as-made and reduced
samples. On the other hand, the Pt L;- and Rh K-edge absorp-
tion data suggested that Pt and Rh had very different electron-
ic structures between the reduced and as-made samples
(Figures S3b and c). For the reduced samples, Pt and Rh exist-
ed as predominantly metallic phase, evident from the similar
white line (the intense peak at the K absorption edge) com-
pared with their metal foil counterparts. For the as-made cata-
lysts, Pt and Rh data resembled those of PtO, and Rh,0,,
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indicating the existence of oxidized phases, although there
were still discernable metallic Pt and Rh phases observed in
both the as-made samples.

The Fourier transform magnitudes of extended X-ray absorp-
tion fine structure (EXAFS) data and theoretical fits for Pt, Sn,
and Rh of Pt/Rh/Sn catalysts are shown in Figure S3 and
Table S3 in the Supporting Information. The best-fit values of
coordination numbers of Pt;,/Rh,,/Sn,; are summarized in
Table 1. For the reduced sample, the obtained first-nearest-

Table 1. EXAFS fitting results of Pt/Rh/Sn.
Pt foil Rh foil Pt;;Rh0—(SN0,)43 Pt;;Rh200,-(Sn0,),

Noe_pt 12 37405 74415

Nee_gn 2.5 0

Notw 6.2+0.5

Neeo 0 12405

Nah-an 12 47+1.1 1.741.1

Ngh-pe 46406 0

Nehm 93+16

Nen-o 09406 22406

Ns_sn 58425 0

Nen_o 33404 49405

neighbor Pt-metal  (Npy=Npept+Npegn) and  Rh-metal

(Ngh-m = Ngn_an + Ngn_py) coordination numbers all had reasonably
similar values within the uncertainties (6.24+0.5 and 9.3+1.6,
respectively). That fact, and the other observation that the
Pt—Rh and Rh—Pt contributions were required for both Pt and
Rh edge analyses, in addition to the Pt—Pt and Rh-Rh contribu-
tions, respectively, demonstrated unambiguously the formation
of a Pt—Rh alloy. For the as-made sample, however, Pt and Rh
appeared to be the segregated phases without alloy forma-
tion, as evident from the fact that only Pt—Pt (Np_p,=7.4+1.5)
and Rh-Rh (Ng,_gn=1.7 £ 1.1) coordination was observed with-
out any Pt—Rh and Rh—Pt coordination. Moreover, discernable
Pt—O and Rh—O coordination indicated the existence of oxi-
dized Pt and Rh phases. Strong Pt—Pt and Rh—Rh coordination,
weak but discernable Pt—O and Rh—O coordination, and non-
detectable Pt—Sn and Rh—Sn coordination corroborated well
with the XANES analyses, concluding that the as-made
Pt;,/Rh,y/Sn,; catalysts were comprised of partially oxidized Pt
and Rh cores.

Independent evidence towards similar conclusions could be
concluded from the bond lengths. Table S3 indicates that Pt
and Rh exist mainly in the metallic phase in the reduced
Pt;;/Rh,/Sn,; sample, compared with as-made one. In the
former sample, the Pt—Pt bond length (2.734+0.01 A) and
Rh—Rh bond length (2.68+0.01 A) are similar to that in pure
Pt (2.764+£0.003 A) and Rh (2.685+0.002 A). In the as-made
sample, the Pt—Pt bond length (2.67 4+0.01 A) and Rh—Rh bond
length (2.80+0.03 A) are rather different from pure metallic Pt
and Rh. In addition, the strong Sn—O coordination from both
the as-made and reduced samples suggested the formation of
tin oxide clusters, which is confirmed by the results obtained
independently from STEM-EELS and XANES. Therefore, we con-
cluded the coexistence of the biphase throughout the reduced
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Pt;,/Rh,y/Sn,; catalyst, expressed as Pt;;Rh,;—(Sn0O,),;: @ homo-
genous alloy core containing Pt and Rh, and SnO, clusters seg-
regated on the shell; whereas the as-made sample showed
a triphase feature expressed as Pt;,—Rh,—0,~(Sn0,),;: a partially
oxidized Pt and Rh core with segregated Pt and Rh phases,
and SnO, clusters on the shell. Similar structural details can
also be found in as-made and reduced Pt;y/Rh,,/Sn,, catalysts
(Figure S3, Table S3). Moreover, the degree of oxidation (value
of x) for both Pt and Rh components in Pt;,;-Rh,;-0,-(Sn0,),3
catalysts can be estimated by following equation:

Npe_o + Ngn_ 1.242.2
= PO TR0 o (37420) == x 57 =21 (1)
Nee_pt + Nanh—ph 7.4+1.7
a b
— Pt;Rh,,0,,-(Sn0,),,/C CV at0.35V
T 031 —pt,Rn,(Sn0,),/C T 0.4
—— Pt/C(ETEK)
£ 0.24 %
5 5
< < 0.24
E o] E
0.04 - . . 0.0
0.0 0.1 0.2 0.3 (OAT Q)
(SN (SO _\—5\0
E/V (vs. Ag/AgCl) — P\ﬂR\'\%Oz\ pk31R\'\10 PE
Cc 0.2 d
— Pt;,Rh,,0,-(Sn0,),,/C CA at 0.35V 1h
——Pt,Rh,-(Sn0,),/C 0.10
—— PYC(ETEK)
% 0.1 NE
o o
Z & 0.051
N
B ) 0.00° 0, (o]
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Figure 2. Electrochemical performance of carbon-supported
Pt3;Rh,00,~(SN0,)43, Pt3;Rh,0—(SN0,),3, and Pt (ETEK) catalysts from (a, b) CVs
and (c, d) CAs measurements.

Therefore, the exact formula of partially oxidized catalysts can
be expressed as Pt;;Rh,,05,-(SN0,),;.

The electrochemical activities of carbon-supported as-made
Pt;,Rh,,0,~(Sn0,),;, its reduced counterpart Pt;;Rhy—(Sn0O,),s,
and commercial Pt/C were tested in a half-cell. Figure S4a (in
the Supporting Information) shows the cyclic voltammograms
(CVs) for the catalysts measured in 0.5 m H,SO,, from which the
hydrogen absorption region was used to calculate the electro-
chemically active surface area (ECASA; Table S2 in the Support-
ing Information). Figure 2a shows the CV analyses of various
catalysts measured in 0.5m H,SO, and 0.5m ethanol electrolyte
at a scan rate of 50 mVs™' in the half-cell. The reduced catalyst
exhibited superior current density, normalized by its
ECASA. The current densities at 0.35 V obtained from CVs mea-
surement are shown in Figure 2b; these follow the order:
Pt3;Rh,0—(SN0,)43 > Pt3;,Rh,00,,-(Sn0,) 43> Pt. The same order
was also observed from chronoamperometry measurements
(CAs) as shown in Figures 2c and d. These results indicated
that Pt;;Rh,,—-(Sn0,),; with a metallic PtRh alloy core increased
the overall charge-transfer kinetics of the EOR.
The high current  density  observed  for  the
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Pt;,Rh,,—(Sn0,),; catalysts could be attributed to the a
bifunctional effect as the Pt/Rh atoms provide active
sites for dehydrogenation of ethanol, whereas Sn
provides oxygenated species to oxidize the inter-
mediates. Such synergistic interactions make
Pt3;Rh,,—(Sn0,),; a better catalyst with fast kinetics
for adsorption and dehydrogenation of ethanol
molecule.

To better understand the reaction mechanism,

N
o

P.,x102/ mmHg-cmZ

especially CO, generation by C—C splitting of ethanol C 15

during the EOR, we designed a four-electrode
electrochemical cell (see the schematic of the cell in
Figure S5 in the Supporting Information), including
reference, working, and counter electrodes, and
a CO, microelectrode. CV measurements with a scan
rate of 0.5 mVs™' were conducted for the EOR by

ooz ! MA-CM?Z —>

using the four-electrode cell (Figure S6a in the Sup- 0.5

porting Information). In addition, the CO, partial pres-
sure (Pco,) was measured simultaneously by the CO,
microelectrode (Figure S6b). The total amount of CO,
generation N¢o, was then calculated, as well as the
generation rate of CO,. The current density resulting
from the generation of CO, (jcg,) is expressed as:

. dn,
Jeco2 = dctoz X6 xF )

where F is the Faraday constant, and 6 represents the number
of electrons transferred upon forming one CO, molecule. Final-
ly, the selectivity of CO, generation versus byproduct genera-
tion (e.g., CH;CHO, CH;COOH) is calculated by:

CO, selectivity = - (3)

Total — Jco,

where ji.. is the total current, obtained from CV measure-
ments, which represents the current resulting from the forma-
tion of all products.

Many studies have been reported on the CO, generation in
situ by using Fourier transform infrared spectroscopy, differen-
tial electrochemical mass spectrometry, or gas chromatogra-
phy,**# from which the concentrations of CO, as a function of
potential were presented. However, to the best of our knowl-
edge, the electrokinetic details of CO, formation, such as CO,
generation rate and/or selectivity of CO, generation have not
been reported. Thanks to the high sensitivity (towards CO,
concentration of 0.2 um) and short data acquisition time (five
seconds) of the CO, microelectrode, in this study we were able
to provide comprehensive electrokinetic details of CO, genera-
tion by C—C splitting, which has never been reported before.
Figure 3a shows the partial pressure of CO, recorded simulta-
neously during the CV measurements by using CO, microelec-
trode. Pt;;Rh,00,,—(Sn0,),; showed 2.2 and 3.3 times higher
Pcox as well as a 2.5 times higher CO, generation rate than
Pt;,Rh,—(Sn0,),; and commercial Pt at 0.35V as shown in
Figure 3b. Also, the onset potential of CO, generation for
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Figure 3. CO, generation by carbon-supported Pt;;Rh,,0,~(Sn0,),3, Pt3;Rh,—(Sn0,),;, and
Pt (ETEK) catalysts during CV measurements, including (a) partial pressure (Pco,), (b) cur-
rent density resulting from CO, generation (jco,), () onset potential for CO, generation,
and (d) CO, selectivity.

Pt3;Rh,,0,,-(Sn0,),;, calculated through fitting Figure 3b (see
details in Figure S8 in the Supporting Information), was about
37 and 61 mV lower than that of Pt;;Rh,—(Sn0O,),; and com-
mercial Pt as shown in Figure3c. Figure3d shows that
Pt;;,Rh,00,,-(Sn0,),; displayed higher CO, selectivity than
Pt;,Rh,,—(Sn0,),; from 0.2V to 0.35V, demonstrating 2.8 times
higher CO, selectivity at 0.35 V. These results showed that CO,
generation by C—C bond splitting of ethanol was enhanced on
the triphasic Pt;;Rh,,0,,-(Sn0,),; with a partially oxidized Pt
and Rh core. Notably, although Pt;;Rh,,0,,~(Sn0,),; displayed
a superior CO, generation rate, commercial Pt has the highest
CO, selectivity, largely owing to the low overall current density
(jTotaI)'

In addition to the discovery of an unexpected promotional
effect of the partially oxidized Pt and Rh core on the CO, gen-
eration, we also found that the chemical composition of Pt
and Rh played a role in electrokinetics of CO, generation.
Pt/Rh/Sn materials with different Pt and Rh compositions were
synthesized, indexed as Pt;o/Rh,,/Sn,. Our electrochemical
data showed similar results: in terms of CO, generation,
Ptso/Rh,,/Sn,, underperforms Pt;;,/Rh,0/Sn,; (Figure S6, Fig-
ure S7, Table S2 in the Supporting Information), but triphasic
Pt3oRh;,0,,-(Sn0,),s with a partially oxidized Pt and Rh core
indeed outperformed biphasic Pt;,Rh;,-(Sn0,),, with a PtRh
alloy core. The former suggests a Pt to Rh ratio of nearly 2:1
was the optimal composition for CO, generation, and the
latter confirms that a partially oxidized Pt and Rh core has
better CO, generation kinetics than the PtRh alloy core.

The exact mechanism of the promotional effect of the par-
tially oxidized Pt and Rh core found in Pt;,Rh,,0,,—(Sn0,),; on
the CO, generation kinetics by C—C splitting is still under inves-
tigation. However, it is clear that the ensemble effect,
associated with the particular arrangements of the Pt, Rh, and
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O constituents, plays an important role in the C—C splitting of
ethanol. In lieu of ethanol dissociation, co-existing metallic and
oxidized Pt and Rh might show a special advantage for C—C
splitting. According to DFT calculations conducted on the pro-
cess of CO+'/,0,— CO,, the reaction barrier to CO, formation
is significantly lower if O atoms from the edge of the surface
oxide are involved in the CO oxidation, compared with the re-
action only involving chemisorbed O atoms.” Thus, co-exis-
tence of metallic and oxidized Pt and Rh on the surface is ex-
pected to facilitate CO, formation, whereas the metallic phase
provides a large and available site for dissociative adsorption
of ethanol by C—C splitting and the oxidized Pt and Rh phases
provide mobile O atoms for the oxidation of reaction inter-
mediates such as CO and CH,. Our findings for the partially oxi-
dized core-shell catalysts, Pt;;Rh,,0,,-(Sn0,),;, are of major im-
portance for understanding the complete electro-oxidation of
ethanol on a fundamental level, and will aid in the design of
a new genre of electrocatalysts that have a partially oxidized
noble metal core for various reactions.
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COMMUNICATIONS

G. Yang, A. I. Frenkel, D. Su, X. Teng*

Enhanced Electrokinetics of C—C Bond
Splitting during Ethanol Oxidation by
using a Pt/Rh/Sn Catalyst with
a Partially Oxidized Pt and Rh Core
and a SnO, Shell
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A partially oxidized Pt and Rh core
with a SnO, shell exhibited a much
higher CO, generation rate and CO,

selectivity than the PtRh alloyed core
with SnO, shell towards the electro-oxi-
dation of ethanol.
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